Preliminary results of a near-IR diode laser sensor for in-situ monitoring of combustor and engine exhaust species have been demonstrated. A new laser technology which achieved nearly 100 nm quasi-continuous tuning using only injection current control in a foursection Grating-Coupler, Sampled-Reflector (GCSR) laser was used to simultaneously detect CO and CO 2 in room-temperature gas mixtures. The GCSR laser was used to perform in-situ measurements of CO, H 2 O, and OH in the exhaust gases of a methane/air flame. An initial demonstration of two-line absorption thermometry based on vibrational transitions in OH was also completed.
Introduction
The rapid improvements in room-temperature diode laser technology for communications and data storage applications has given rise to a new class of potential optical sensors for species composition and gasdynamic parameter measurements. These sensors are finding widespread application to chemical processing, environmental monitoring, and, increasingly, aerodynamic and propulsion needs. High quality laser devices are now commercially available in a number of discrete spectral windows between 630 nm and 2.0 µm. For aerodynamic and propulsion applications, most activity to date has focussed on O 2 -based measurements using 763 nm AlGaAs lasers and H 2 O-based measurements using 1.31 to 1.39 µm InGaAsP lasers. [1] [2] [3] [4] [5] These devices are characterized by a rapid time response, extreme sensitivity, and opto-mechanical robustness consistent with practical industrial installations. The sensors are based on the path-integrated absorption of the diode laser radiation. A fortuitous coincidence of transitions between 1.5 and 2.0 µm allows a small number of lasers to monitor CO, OH, H 2 O, NO, CH 4 , and CO 2 , important species in hydrocarbon-fueled combustion systems. Multiple transitions may be probed for simultaneous temperature measurements. [2] [3] [4] The Doppler shift of the molecular absorption feature with respect to a known stationary frequency can be used to determine the velocity and mass flux. 2, 5 Measurements of in-situ and extractivelysampled NO emissions using custom fabricated diode lasers near 1.8 µm have also recently been demonstrated. 6, 7 Using fiber-optic delivery systems, a single laser and detector can monitor multiple stations, thereby reducing capital costs, maintenance, and calibration requirements. Remote citing also allows the sensor to make reliable measurements in harsh industrial or engineering environments. By scanning resolved absorption transitions, the sensor provides pressureindependent concentration data and is relatively immune to aerosol, particulate, or other broad spectral interference sources.
In this work, we have demonstrated an extension of this capability for further analysis of combustor and engine exhaust gases. Using a newly available, broadly tunable multi-section diode laser, simultaneous detection of CO and CO 2 near 1.57 µm has been demonstrated in room-temperature gases. The same laser was used to detect CO and H 2 O in the exhaust gases of a methane-air flat flame burner at various fuel/air equivalence ratios. The OH molecule was also measured with this laser and transitions originating from two vibrational levels were measured to perform a preliminary temperature determination.
Diode Laser-Based Sensor Overview
The diode laser sensors are fundamentally based 2 (2) on the attenuation of the laser beam as it propagates through an absorbing medium. Near a resonant absorption feature of one of the gaseous constituents of the flowfield, this absorption is described by Beer's Law:
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where I 0, is the initial laser intensity, I is the intensity recorded after traversing a pathlengthlacross the flow,
is the spectral lineshape function, and N is the number density of absorbers. The temperature dependence of the linestrength arises from the Boltzmann population statistics of the absorbing quantum state. The lineshape function contains both thermal and collisional broadening contributions which are integrated over the entire lineshape as the laser is scanned. The resulting integrated absorption is proportional to the absorber number density and the temperature dependent linestrength. This spectrally integrated approach also reduces the sensor's response to broadband attenuation resulting from condensate, soot, or other particulate in the flow.
If the temperature is known, the integrated absorbance is simply a measure of the path-integrated absorber concentration. Alternatively, two separate absorption transitions of the same species may be monitored and their ratio, R, used to determine the flow temperature, as shown in Eq. (2): where T 0 is an arbitrary reference temperature, E i is the total energy of the ground state of transition i in wavenumber units (cm -1 ), hc/k is a spectroscopic constant equal to 1.44 cm-K, and T is the flow temperature. The sensitivity of the ratio R to temperature may be adjusted through selection of the energy separation (ûE = E 1 -E 2 ). Generally speaking, hcûE/kT values of about 2 or greater are desired for good sensitivity. Because the energy of the absorbing state determines the population in the absorbing level (as reflected in the temperaturedependent line strength), one cannot choose arbitrarily large energy separations as this implies that at least one of the transitions will be very weak, resulting in poor signal-to-noise statistics and concomitantly large errors in the measured absorbance. At peak flame temperatures, kT/hc is about 1,400 cm -1 , suggesting that transitions separated by 2,800 cm -1 would be desirable.
This large energy separation is difficult to achieve with strong transition pairs in polyatomic molecules because of the dilution of the linestrength arising from the molecular partition function. In other words, at temperatures high enough to populate these high lying energy states, the density of other available states is large and the total population in any given state is low, often below the detection threshold of the sensor. In small diatomic molecules, however, the availability of states is greatly reduced so that the individual state populations remain relatively high at high temperatures. The OH molecule, for example, possesses strong transitions from excited vibrational levels in the 1.55 µm region. As will be described below, this makes it an interesting candidate for two-line vibrational thermometry at flame temperatures.
For spectroscopic diagnostic applications, we desire diode laser sources which exhibit stable, single mode output at power levels in excess of 1 mW and with a broad single mode current tuning range. These characteristics are also consistent with the high modulation bandwidth requirements of the communications industry and considerable resources have been invested to optimize device performance for these applications. Fiber-optic communications lasers are driven by two important optical characteristics of the fibers themselves: the presence of an absorption minimum near 1.31 µm and a dispersion minimum near 1.55 µm. The former is important in long distance applications and the latter in high bandwidth short-or medium-haul applications. For this reason, the highest performance laser structures and packages are available in the vicinity of these wavelengths. Since a typical Distributed FeedBack (DFB) laser package desired for the integrated sensor must be specified to within about 5 nm of the target transition wavelength, it is important to understand the spectroscopy of the target species in the target environment before specifying the laser. A new multi-section laser described below relaxes this constraint somewhat, but detailed spectral information is still required to optimize sensor strategies. band with the CO overtone band near 1.57 µm has been exploited to demonstrate strategies for simultaneous detection of both species using a broadly tunable, external-cavity diode laser 1,8.9 . Figure 1 also shows some water vapor transitions at the short wavelength end of these plotted spectrum, arising from various H 2 O combination overtone bands.
In previous diode laser sensor demonstrations, we have shown that an optical absorbance of about 10 -5 can be achieved in a typical, fiber-coupled field sensor. For the transitions shown in Figure 1 and assuming a typical pathlength of 10 cm, this suggests roomtemperature detection limits on the order of 10 -3 atm, or 0.1%. Lower detection limits could be achieved at this wavelength using folded-path absorption. Alternatively, recently available DFB lasers near 2.0 µm allow access to the next lower-order combination band of the CO 2 system, the 2 1 + 3 band.
These transitions are about two orders of magnitude stronger than the CO 2 bands near 1.57 µm and detection limits below 1 ppm have been demonstrated in room temperature gases. 10 Another major combustion species with transitions in the 1.55 µm spectral region is the OH molecule. Figure 2 shows a HITRAN simulation of the OH absorption at 2000 K, here plotted per unit concentration and pathlength, near 1.57 µm. The strongest transitions are (2,0) band overtone transitions originating from the ground vibrational level. These are nearly two orders of magnitude stronger than the roomtemperature transitions shown in Figure 1 and even at typical OH flame concentrations of 0.1% or less should be detectable. The weaker series of transitions are overtone transitions of the (3,1) band and originate from the first excited vibrational level of the OH molecule. They are also quite strong and should be detectable at flame temperatures. Since these vibrational transitions have typical energy separations on the order of 2100 cm -1 , we selected the two transitions shown as potential thermometry candidates for subsequent experimental demonstrations.
For narrow-tuning range single-section DFB lasers and for optimizing sensor strategies for broadly tunable multi-section lasers, predictive spectroscopic modeling tools are required. Unfortunately, it is now well understood that the HITRAN database is a poor predictor of high temperature absorption of polyatomic molecules, most particularly H 2 O. The recently released Air Force HITEMP database is the most extensive detailed spectral modeling code available for H 2 strong throughout the 1 to 2 µm spectral region at high temperatures. Figure 3 shows an example HITEMP simulation of the water vapor absorption spectrum near 1.56 µm at 1200 K. Comparisons of this spectrum with Figure 1 shows the dramatic increase in the number of available transitions at high temperature. Indeed, it is now clear that water vapor is the most significant source of spectral interferences for in-situ diode laser monitoring of combustion species. This theoretical database has not been experimentally validated and we are presently engaged in confirming its accuracy in flame gases. Figure 4 shows the HITEMP simulation of CO 2 absorption at 1200 K over the same spectral region. The simulation shows many more transitions than were tabulated in the HITRAN database and indicates that the transitions are much weaker than the HITRAN predictions. In fact, these transitions are at the detection limit for most practical sensor configurations. Figure 5 shows a detailed comparison of CO, CO 2 , and H 2 O transitions at 1200 K. Strong water vapor transitions dominate this region, although selected CO transitions with minimal predicted interferences are indicated by asterisks. These example spectral regions were selected for further detailed investigations with the diode laser, as described below.
Initial evaluations of the HITEMP database are being completed using FTIR surveys of H 2 and CH 4 -air flame gases in the 1 to 2 µm spectral region. A commercial MIDAC interferometer was optimized for near-IR work using a high-brightness source and a near-IR detector. A special multi-pass white cell was adapted to fit over the flat flame burner, providing a total pathlength through the flame of approximately 40 cm. The remainder of the cell volume was purged with dry N 2 to prevent atmospheric interferences. This instrument setup achieved a typical detection limit of about 1% absorption with a spectral resolution on the order of 0.75 cm -1 . While the FTIR is too insensitive to serve as a practical sensor in itself, it nevertheless serves as a useful laboratory tool for broad spectral surveys.
A comparison of the experimental CH 4 /air flame spectrum and HITEMP predictions is shown in Figure 6 . The experimental spectrum appears to be dominated by H 2 O absorption features, as predicted by American Institute of Aeronautics and Astronautics the HITEMP water vapor simulation also shown.
There is no evidence of the weak CO 2 absorption in this region.
These and other FTIR surveys suggest that the HITEMP database is a reasonably good predictor of the high temperature absorption of water vapor.
10-12 Details of individual line positions and strengths are occasionally in error, as the diode laser measurements of the following sections will show, but the global positions of strong features is largely correct. The HITEMP predictions of high temperature CO 2 , however, appear to be substantially too strong. None of the indicated bands in the 1.5 to 2.0 µm spectral region could be confidently observed. We are presently in contact with the Air Force personnel who developed the HITEMP database to uncover potential sources for this discrepancy.
Multi-Section Diode Lasers
A significant technical goal of the present effort was to demonstrate the application of a new diode laser architecture to gas sensing. Figure 7 is a schematic diagram of this new laser, a four-section, Grating-Coupled Sampled Reflector (GCSR) device. In a typical singlesection DFB laser, an index grating is fabricated above or within the laser gain region, providing wavelengthselective feedback to force the cavity to oscillate in a single and narrow mode. Rapid wavelength tuning of this mode is accomplished by modulating the injection current into the gain medium. The principal effect of the injection current modulation is to modulate the refractive index of the gain medium, thereby changing the optical period of the grating and, hence, the output wavelength. Because the current is also pumping the laser gain, the maximum available current tuning range is constrained between lasing threshold at the low end and output facet damage at the high end. A large power modulation (or amplitude modulation) is also inevitable with current modulation in single-section lasers. The best available DFB lasers typically exhibit maximum current tuning ranges on the order of 3 cm -1 . This range is sufficient to scan a single, atmospheric-pressurebroadened lineshape, but is rarely capable of resolving more than one lineshape. Hence, the general approach to multi-species detection is to apply a separate laser for each species.
The multi-section laser shown in Figure 7 consists of four electrically-isolated sections fabricated using conventional InGaAsP laser materials. The gain section includes the output facet and the InGaAsP active layer. The rear-section consists of a periodicallymodulated Bragg-reflector. In a conventional DFB or DBR laser, a single-period Bragg grating provides wavelength feedback (or reflectivity) at a single frequency peak. The periodically-modulated Bragggrating produces a comb of reflectance peaks 13, 14 . The coupler section consists of single-period Bragg-grating with a broad spectral transmission peak. This section is designed so as to transmit only a single peak from the comb spectrum of the rear-reflector. The final phase section provides a small optical phase adjust to correct for round-trip phase accumulation within the cavity.
The various laser sections provide a flexible and wide tuning control. At a fixed value of gain and phase section injection current, the coupler and reflector sections can be tuned to access 10's of nm of tuning range -far larger than with any conventional single section laser and comparable to external cavity lasers. Figure 8 shows a typical tuning surface of the particular laser from Industrial Microelectronics Center (IMC) in Kista, Sweden, that we have evaluated. This data was acquired with a fixed gain and phase section currents and at a fixed laser temperature of 20 C. As the coupler current increases for a fixed reflector current, the output wavelength tunes discontinuously across the reflection peaks of the super-structure DBR grating. At a fixed coupler current, the reflector current can be varied to sweep the output wavelength across the transmission bandpass of the grating coupler. The reflector current variation introduces minimal output power variations, although high coupler currents reduce output power considerably because higher electron densities result in a high optical loss in the laser cavity.
Any of these currents can be selected on microsecond time-scale, allowing the laser to select any wavelength within this space at 10's of kHz rates. This laser is fabricated out of conventional InGaAsP materials, so it should be straightforward to achieved 100 nm tuning anywhere between about 1.3 and 2.0 µm with other devices.
Room-Temperature Measurements
Prior to flame measurements, the operational characteristics of the GCSR laser were evaluated in roomtemperature absorption measurements. In addition to providing a convenient and easily quantified absorption demonstration, these room-temperature measurements are useful in developing detection limits for potential applications as atmospheric, environmental, or industrial sensors.
The GCSR laser is housed in an Radians Innova mount containing an integral collimating lens. Laser scans were performed by ramping the injection current in the rear reflector. This current ramp was driven with a HP waveform generator at nominally 100 Hz. The central frequency of the scan is set by fixing a predetermined coupler section injection current. The gain section injection current was fixed at 150 mA. The phase section was open-circuited due to a lack of a fourth current supply. The laser temperature was controlled with an ILX precision thermoelectric cooler (TEC). All injection currents were controlled with ILX precision current controllers. Since the laser was not optically isolated we incorporated several irises in the optical path to reduce back reflections into the laser cavity. Absolute frequency and frequency scans were calibrated by directing the laser output into a Burleigh wavemeter and a Burleigh confocal Fabry-Perot spectrum analyzer.
The optical setup used an anti-reflection coated beam splitter to generate the signal and reference legs of the absorption path. The signal beam passed through an absorption cell onto the signal photodiode. The length of signal and reference legs in room air were matched and purged with LN 2 boil-off to remove ambient CO 2 . The stainless steel absorption cell was 2.54 cm diameter and 0.5 m long. The ends of the absorption cell were sealed with viton O-rings on ARcoated Infrasil windows. The windows were broadband AR-coated from 1.36 to 2.20 µm and wedged 0.5 deg to reduce etalons and back reflections. The absorption cell was connected to a high purity gas handling and vacuum /pump out manifold. Pressure in the cell is monitored with calibrated MKS capacitance manometers, 1 and 1000 Torr full range.
The Balanced Ratiometric Detected (BRD, cf., Ref. 4) photodiodes were 1 mm diameter InGaAs photodetectors with extended response to 2.15 µm and purchased as a pair with matched dark currents to within 5%. The dark current match is important in reducing residual amplitude modulation in the BRD log output associated with the laser scan. The photodetectors were housed in standard TO-46 packages with the windows removed to avoid etalons. Voltages from the signal, reference, and balanced ratiometric log outputs were recorded using a LeCroy digital scope. The scope was triggered synchronously with the HP waveform generator controlling the laser frequency sweep. Nominally 100 to 1000 frequency sweeps were averaged using the LeCroy on-board memory, then stored to floppy disk for further analysis. In some cases a filtered pre-amp provided additional gain and filtering for the BRD log output.
Laser absorption demonstrations were performed on a mixture of gases in the 0.5 m absorption cell. Typical gas discharge lasers require a mixture of gases for proper lasing action at 10.6 µm. The gas mixture consisted of 4% CO, 9% CO 2 , and a balance of H 2 , He, and N 2 to a total pressure of 1 atm. This calibrated gas mixture is thus convenient for demonstrating simul- 7 American Institute of Aeronautics and Astronautics taneous detection of both CO and CO 2 with a single GCSR absorption scan.
A room temperature, atmospheric pressure absorption cell scan of the gas mixture is shown in Figure 9 , compared to a HITRAN simulation of the spectrum for the correct gas mixture. The absorption scan was obtained with a single injection current sweep of the SSG reflector section. The frequency jumps are laser mode hops. Recently published work using three or four section lasers suggests the mode hops can be eliminated with the proper simultaneous sweeping of the reflector and phase injection currents. 13, 14 It is important to eliminate these mode hops and we are investigating alternative current control schemes to develop continuous tuning techniques. The mode hops generate large spikes at the BRD log output. At the present time, we attribute these spikes to instabilities in the laser frequency and/or polarization near the mode hop. In Figure 9 the large spikes have been subtracted by performing 1000 scan averages with a nitrogen filled cell as the background and the gas mixture filled cell as the measurement.
The larger absorption features in Figure 9 arise from the 3 1 + 3 vibrational band of CO 2 (transitions P14, 12, 10, 8, 6 , from left to right). A single CO transition ( P2) from the 3-0 overtone vibration is observable at 6342.64 cm -1 . Unfortunately, the laser mode-hopped across the P3 line of the same vibrational overtone at 6338.59 cm -1 . The predicted and experimentally observed spectra are nominally in agreement. Because the measurement uncertainty in these initial measurements appears to be dominated by the large fluctuations in the detector output near the mode-hops, we are not presently confident in projecting eventual detection limits. It appears that over a limited injection ramp between mode-hops, the laser performs similarly to other single-section DFB lasers, so we project detection limits for CO and CO 2 to be on the order of 100 ppm-m pathlength, as we have previously demonstrated with external cavity diode lasers in this spectral region. 8 The small differences in wavelength between predicted and measurement spectral features are attributed to uncertainties in the absolute frequency calibration of the laser rather than to real discrepancies in the HITRAN database.
This measurement is among the first demonstrations of simultaneous detection of multiple species using a multi-section, injection-current tuned laser and is a promising demonstration of the eventual power of these lasers. Because they are so recently available, we can also expect their operational characteristics (tuning range, frequency/amplitude stability, output power, etc.) to improve with time as the manufacturing techniques mature. This decreasing price/performance ratio has been dramatic in the case of single-section DFB lasers during the previous 5 years. Because multisection lasers are competing as sources for dense Wavelength Division Muliplexing (WDM) protocols, we anticipate that substantial investments will continue to be made by the telecommunications industry in their improvement.
Flame Measurements
Measurements of in-situ absorption in combustion gases were conducted in the exhaust gases of a Henken-type flat flame burner. This type of flat flame burner has been described in detail in previous publications (cf., Ref. 15) . Briefly, it uses a dense array of diffusion flamelets which merge within 1 mm above the honeycomb surface to form a well characterized gas flow of near equilibrium conditions over a large range of fuel-air mixtures. Our experiments used primarily methane/air mixtures between equivalence ratios of 0.6 and 1.5. In special circumstances hydrogen/air flames were tested to confirm H 2 O lines not predicted by the HITEMP database.
The experimental setup of the burner and optics is 8 American Institute of Aeronautics and Astronautics shown in Figure 10 . Flows of fuel, nitrogen, oxygen were delivered to the burner through calibrated MKS mass flow meters and regulated with precision needle valves. High purity gases were used without further purification. The methane gas was technical grade, 97% purity. Nitrogen flow is metered into the shroud region of the burner which surrounds the combustion region/burner surface and serves to prevent entrainment of outside air into the flow of combustion gases. Nitrogen flow is metered into the purge region outside the shroud flow to eliminate room air CO 2 from the optical absorption path and to prevent condensation on the multipass mirrors.
The optical arrangement around the flat flame burner consist of two spherical mirrors, f/2, placed 12.5 cm apart in a Herriot geometry. A small slot cut radially in each mirror allows the laser beam to enter and exit the multipass cell. The mirrors were mounted with 2-D precision micrometers for x-y positioning and on two axis tilt stages for control of the number of reflections and the reflections pattern. The mirror spacing and alignment was chosen for 28 passes across the flame. The elliptical pattern of 13 spots was visualized using a HeNe laser co-aligned with the IR diode laser. The elliptical spot pattern had a minor dimension of 1.4 cm (vertical) and a major dimension of 1.9 cm (horizontal), centered about 1 cm above the burner surface. The flame occupies the central 2.54 cm linear dimension of the burner leading to a total pathlength in the combustion gases of 71 cm. The total pathlength was verified by measuring the entrance and exit power of the diode laser and known reflectivity of the mirrors at the IR laser wavelength.
Flame measurements were preceded by simulations to focus our search for the appropriate spectral features. A chemical equilibrium simulation code (STANJAN) was exercised to predict adiabatic mole fractions of the flame species of interest: CO, OH, CO 2 , and H 2 O for a variety of methane/air equivalence ratios. The exact flame temperatures are nominally 200 to 300 K lower than adiabatic values due to radiative and convective heat transfer to the burner. 15 The species mole fraction at the corrected temperature were then incorporated with the actual pathlength into a combined HITRAN and HITEMP calculation to predict the flame transmission/absorption in selected laser frequency sweeps.
The HITRAN database has been validated within 200 K of room temperature. Predictions extrapolated for diatomics such as CO and OH to flame temperatures of 1800 to 2100 K are likely to exhibit some line strength uncertainty, due to partition function variations that have not been validated; however the line positions should be accurate. Predictions for triatomics, H 2 O, CO 2 , extrapolated from 300 to 2000 K is significantly more complicated. New absorption transitions including overtone bands, combination bands, hot bands all become active. The density of states rises dramatically and the partition function needs to accurately distribute absorption intensity to all available levels. The HITEMP database was released in the summer of 1996 to help researchers with predictions on H 2 O and CO 2 at temperatures up to 1000 K. We have verified a few water line predictions of HITEMP in flames and in high temperature absorption cells ranging from 1000 to 1500 K 12 and the initial results suggest that water transitions in the 1.55 µm region are reasonably well predicted.
Because water absorption is so strong in the 1.57 µm region accessible with the GCSR laser, our procedure for developing sensor strategies for weaker lines is to search out the strongest predicted lines for OH, CO, CO 2 and look for lines that fall in the valleys between the much stronger water absorptions. The next step is to vary the flame species mole fractions by changing equivalence ratio, 3, to identify the experi- shown in Figure 11 is a very strong hot band line that could potentially be used for OH thermometry in the flame, as described earlier.
Flame OH Measurements
Raw experimental data for the OH (3,1) hot band absorption in the methane/air flame is shown in Figure 12 for three equivalence ratios. The data shows a trend in OH absorption that increases from 3 = 0.6 to 3 = 1.0 then completely disappears at fuel rich conditions. This trend matches the STANJAN predictions. Note the water absorption near 6336.43 cm -1 stays the same or increases from 3 = 1.0 to 1.5.
Because the water absorption stays nearly the same between 3 = 1.0 and 1.5, we can subtract the 3 = 1.5 experimental spectrum containing no OH absorption from the 3 = 1.0 spectrum containing the maximum OH absorption to give the net OH absorption profile unobstructed by the neighboring water line. This resulting difference is compared to HITEMP/HITRAN simulations in Figure 13 . For the simulations, water vapor absorption spectra from HITEMP were combined with OH absorption spectra from HITRAN according to the relative mole-fractions of each species in a stoichiometric flame at a temperature of 2000 K.
The dashed curve is the HITEMP prediction for water only. The dotted curve combines the HITEMP water prediction with the HITRAN OH prediction. The comparison with the OH feature is very good. The HITEMP water line predictions are not a very good match to the data in Figure 11 for either line center position or relative line strength. The width of the experimental high temperature water lines suggest the broadening coefficients at elevated temperatures are larger than used in the HITEMP database. This observation is unremarkable since the HITEMP and HITRAN collisional broadening database is very crude and altogether unverified at flame conditions. HITEMP/HITRAN predictions for water and OH (2,0) band absorption near 6420 cm -1 are shown in Figure 14 . This region is interesting because it contains one of the strongest OH lines which is predicted to be observable above the water absorption. The predicted OH line is the (2-0) P11.5 line centered at 6429.99 cm -1 , originating from the ground vibrational level. This line is a good candidate for use with the hot band absorption described above for OH flame thermometry.
Experimental data over a narrow frequency scan of American Institute of Aeronautics and Astronautics this region in the flame at various equivalence ratios is presented along with the HITEMP/HITRAN predictions in Figure 15 . Since the flame at 3 = 1.5
contains no detectable OH, the small residual feature must be due to an interference. The similarity of this feature to the HITEMP-predicted absorption feature at 6419.92 cm -1 suggests that this is a small error in the HITEMP line frequency.
Assuming that the residual feature at 3 = 1.5 is water, we can subtract this contribution from the total American Institute of Aeronautics and Astronautics OH signal strengths at the other equivalence ratios to perform a preliminary estimate of the potential of OH vibrational thermometry. Our previous experience with the flat flame burner and literature data with the same burner 7, 15 suggests that heat transfer to the burner surface results in a nearly constant flame temperature of 2000 ±150 K over equivalence ratios from 1 to 1.5.
This validates the assumption that the 3 = 1.5 conditions can be subtracted from the 3 = 1.0 conditions to give the net OH peak shape at 3 = 1.0. The peak heights of the OH (2,0) band and (3,1) band features gives a measured line strength ratio, R , of 3.0 ± 0.5. The experimental ratio corresponds to 1850 K ± 200 K which agrees reasonably well the measured temperature of 2000 K in the flat flame burner at 3 = 1.0 conditions. Although this procedure would certainly not be practical in all flame measurements, it is a promising indication of the potential for OH vibrational thermometry in combustors. As our confidence in the spectroscopy increases, we expect to reduce the experimental measurement uncertainty.
Flame CO Measurements HITEMP/HITRAN predicted strong CO absorption that should be observable above the hot water absorption, as shown in Figure 16 . For the combined simulation, the HITEMP water vapor and HITRAN CO spectra were combined in the correct proportions for a 3 = 1.5 equilibrium gas exhaust mix at 2000 K. The targeted CO line is the (3-0) R24 line centered at 6412.06 cm -1 . Figure 17 shows an overlay of the spectral predictions with experimental data taken in a methane/air flame at 3 = 1.5. The agreement is excellent. Similar data was acquired in the flame at several equivalence ratios, shown in Figure 18 . For these data, we plot only the narrow spectral region corresponding the CO transition and subtract the contribution from neighboring water transitions.
The integrated area of the CO feature corresponds to the number density of CO in the flame. In Figure 19 we have taken the areas of the CO feature and normal- Figure 19 . Comparison of measured and equilibrium CO mole fractions as a function of methane/air equivalence ratios. equivalent. The variation in the measured CO molefraction with the equilibrium predictions for the four flame conditions examined is very good, suggesting that we are correctly measuring the CO concentration.
Summary
This work described in this paper is directed at the development of a suite of room-temperature diode laser sensors for in-situ monitoring of combustion species and gasdynamic parameters. The significant advances described herein include:
The newly available HITEMP database was compared to FTIR spectral surveys at combustion temperatures. Although overall agreement with band features of H 2 O combination and overtones bands was observed, the strength of the CO 2 bands in this spectral region were shown to be substantially overpredicted.
A new laser technology was demonstrated for broad wavelength tuning without any moving parts. We achieved nearly 100 nm quasi-continuous tuning with a four-section Grating-Coupler, SampledReflector (GCSR) laser using only injection current tuning and used this to simultaneously detect CO and CO 2 in room-temperature gas mixtures.
The GCSR diode laser was used to perform in-situ measurements of CO, H 2 O, and OH in the exhaust gases of a methane/air flame. These preliminary measurements suggest directions for further research and development activities in pursuit of the integrated sensor suite.
